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ABSTRACT

Due to its high biocompatibility and biodegradability, supraparticles made from silk fibroin—produced from Bombyx mori (B. mori)
cocoons—can find various applications in biomedical fields. The evaporation of Ouzo droplets by not requiring energy nor a surfactant is
an environmentally friendly, easy, and cost-effective strategy to fabricate three-dimensional supraparticles, tackling the so-called “coffee ring
effect” associated with droplet evaporation. Silk fibroins are dissolved into quaternary droplets, comprised of ultrapure water, ethanol, transanethole oil, and formic acid. The Ouzo droplet is able to form an oil ring that facilitates the droplet contraction to create a three-dimensional
supraparticle. Using the Ouzo effect to fabricate these particles from silk fibroin results in consistent macro-porous structures with a high
porosity.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0057228

Bombyx mori (B. mori) silk has been at the forefront of recent
research as a biomaterial for many different applications in the engineering, biochemistry, pharmaceutical, cosmetic, and textile industries due to its many desirable properties; though, it has been utilized as a suture material for centuries. B. mori silk has been touted
for its high biocompatibility and biodegradability, which make it
an intriguing material to study for in vivo applications, as well
as its ability to be easily chemically modified.1–6 There has been
increased interest in using silk-based biomaterials for drug delivery.
Currently, synthetic polymers, such as polylactide-co-glycolide acid
(PGLA), comprise the majority of sustained drug-delivery formulation.7 However, while being deemed safe by the Food and Drug
Administration, the inherent properties and processing requirements of synthetic polymers hinder its usage in certain applications.7
The unique and desirable properties that silk-based materials possess, including their structural, processing, physicochemical, biological, and pharmacological properties, make it a promising and better
alternative over synthetic polymers for sustained drug delivery.8
Emerging in the 20th century as a novel method, threedimensional porous particles were developed to improve drug delivery, among other uses in the pharmaceutical discipline.9 Porous
particles have a large surface area, uniform and tunable pore structure, and high porosity in contrast to common particles.10 Porous
particles are able to achieve increased absorbability and compatibility, which is paramount for effective drug loading.9
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Pritchard et al. discussed multiple ways to use silk fibroin
in drug delivery, but the most noteworthy are porous threedimensional sponges and scaffolds, as well as microspheres. The
three-dimensional sponges can be generated by salt leaching, gas
foaming, or freeze-drying.11,12 These methods can be tedious, expensive, or impractical depending on the resources needed. While
sponges and scaffolds have been mostly used for tissue engineering, they show great promise in drug delivery as well. Pore size and
morphology were dependent on which method was used to create
the sponges and scaffolds; this is also true for the duration of drug
release.8
Evaporation of droplets is a straightforward way to fabricate
supraparticles,13–20 since droplets can be precisely positioned at a
given location of the surface and the size of supraparticle can be
controlled by the initial size of the droplet. However, the coffee-ring
effect (the formation of a ring-shape deposit along the pinned contact line) is a major hurdle for evaporating droplets as templates for
supraparticles.21
To overcome this pinned contact line challenge, Ouzo droplets
were exploited to create supraparticles.22–26 Due to different evaporation of the different components in Ouzo droplets, the oil phase
separates out and aggregates along the contact line.27–29 The oil
ring effectively prevents contact line pining, and the evaporation of
Ouzo droplets (ternary droplets) is demonstrated to be effective in
fabricating supraparticles made from colloidal particles.26,30
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In this paper, we extend the evaporation of Ouzo droplets or
ternary droplets to create silk fibroin-based supraparticles by evaporating a quaternary droplet, which forms an oil ring at the contact
line and prevents the pinning of the contact line. The method of
fabricating silk fibroin porous particles is achieved by a quaternary
liquid Ouzo solution comprised of ultrapure water, ethanol, transanethole oil, and formic acid with a medium of dissolved silk fibroin.
The addition of formic acid—and thus creating a quaternary liquid
as opposed to a ternary liquid in previous works—is paramount in
introducing silk fibroin to the solution as formic acid is one of the
only acids to be able to completely dissolve silk fibroin. The formic
acid also has a similar volatility to ethanol so that it evaporates at a
similar rate and does not impede the Ouzo effect. Silk fibroin is dissolved into formic acid. Once the formic acid dilutes or evaporates,
it triggers the condensation of silk fibroin. Recent studies show that
when evaporating Ouzo droplets, oil droplets preferably nucleate
near the contact line due to the evaporation of ethanol and the resulting lower oil solubility.26 Oil droplets coalesce into an oil ring at the
droplet edge. The oil ring prevents the accumulation of silk fibroin
at the contact line. Due to evaporation, the droplet contracts radially
and the oil ring is moved inward as well, serving a lubrication layer
to facilitate the droplet contraction and sweep the silk fibroin from
the substrate into the droplet. The droplet shrinkage results in silk
fibroin self-assembly into a three-dimensional structure.
Since ethanol and formic acid play a similar role in the evaporation process, it was imperative to find the critical ratio that optimizes the amount of ethanol (without condensing the silk fibroin) in
the Ouzo solution while incorporating formic acid that carries silk
fibroin. The following ratios of ethanol to formic acid (without silk
fibroin) were analyzed and were chosen for their ease to manipulate
the volumes of the liquid: 1–9, 2–8, 3–7, 4–6, 5–5, 6–4, 7–3, 8–2, and
9–1. After analyzing each ratio’s effect under a compound microscope, it was noted that ratios where ethanol’s component was equal
to or lower than formic acid did not exhibit the Ouzo effect. It was
ultimately determined that an ethanol to formic acid ratio of 9:1 is
used for the experimental procedure since it best kept the identity of
the behavior of the Ouzo effect to create the supraparticles.
For the experimental procedure, each Ouzo solution with silk
fibroin made had a standard volume of 1 ml, with a constant ultrapure water volume of 35% for consistency. The formic acid and silk
fibroin solution was diluted four times to lower the chances of the
silk fibroin from condensing with the higher amount of ethanol since
a non-diluted silk fibroin solution condensed immediately when
added into the Ouzo solution. Multiple batches of the Ouzo + silk
fibroin solution were made with differing oil volumes to analyze the
effect of oil concentration in creating the silk fibroin supraparticles.
The Ouzo + silk fibroin solutions were generated, first, by mixing the trans-anethole oil into ethanol so that it would dissolve and
then by adding in the ultrapure water—which turns the solution
milky-white per the Ouzo effect—and vortexing the ternary liquid
for 15 mins; finally, the silk fibroin was added in and the quaternary liquid was vortexed for less than 1 min to prevent fibroin
condensation.
In order to fabricate supraparticles assembled from silk fibroin,
polydimethylsiloxane (PDMS) was chosen as the substrate for evaporation since it is a well-known hydrophobic type silicone that is
transparent and non-toxic. The PDMS substrate was attached onto
glass microscope slides to hold up its structural integrity as a base
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for the Ouzo + silk fibroin droplets to dry on at room temperature. The majority of the results were based on 1 μl droplets manually placed on the PDMS surface by a micropipette. Larger volume
droplets could potentially incur gravitational effects, thus affecting
the self-lubrication process of fabricating the supraparticles.
Figure 1 shows fully dried particles (from droplets of 1 μl in volume) made of the solution compositions with 9:1 ethanol to formic
acid at different oil percentages, ranging from 6% to 10%. The drying
patterns for 6% and 7% oil content were not uniform and exhibited cracking; this was consistent throughout multiple trials. The
non-uniformity of the drying patterns of the lower oil percentage
solutions is attributed to the lower oil content itself: there is not
enough oil in the solution to form a uniform oil ring around the
droplet. Conversely, the solution with 10% oil content was prone to
layer separation in the centrifuge tube, which alludes to too much oil
concentration.
A uniform oil ring around the droplet with 9% oil content
is illustrated in Fig. 2(a). Figure 2(b) further illustrates the Ouzo
effect under the compound microscopy, showing the silk fibroin surrounded by oil, agreeing with the results found in Ref. 26. Figure 2(c)
shows the fully dried particle, which becomes more densely packed
as the oil ring further shrinks.
Figure 3 depicts a full and zoomed SEM image in view of the
silk fibroin supraparticles with the 8% (a) and 9% (b) oil content. The
pore size was analyzed by a plug-in for ImageJ using the binary segmentation technique. The data were then generated into a histogram
using MATLAB. Figure 4 shows the histogram of the various pore
sizes for 8% and 9% oil content, respectively. The average pore size
for 8% and 9% oil content is, respectively, 4.257 and 4.951 μm. The
data show the highest frequency for smaller pore bins. The frequency
decreases as the pore size increases.
Figure 5 illustrates how the pores of the particle are not
just at the surface level but are interspersed throughout the
supraparticle—adding to its three-dimensional porosity. The top
image shows a view of the underside of the particle—the surface that

FIG. 1. Drying patterns of five different Ouzo + silk fibroin solutions. The 9% oil
content droplet exhibits the most compact and dense drying pattern.
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FIG. 2. Behavior of the 9% oil content
droplet being formed by the Ouzo effect
under compound microscopy: (a) the uniform oil ring at different positions of the
Ouzo droplet, (b) silk fibroin surrounded
by oil, and (c) the fully dried silk fibroin
supraparticle.

FIG. 3. Supraparticles with 8% oil content (a) and 9% oil content (b) under SEM; full particle view (top) and zoomed-in view (bottom).
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FIG. 4. (a) Histogram of the pore size for the 8% oil content and (b) histogram of the pore size for the 9% oil content.

comes into contact with the PDMS surface first, whereas the bottom
image shows a cross-sectional view of the supraparticle.
Porosity is a key parameter to measure for porous particles,
which can determine if the supraparticle meets the needs of a specific
application. ImageJ was used to calculate the porosity of the SEM
images in Fig. 3, and the procedure was done three times—and then
averaged—to ensure consistency. The average two-dimensional relative porosities of two types of supraparticles are, respectively, 78.9%
with 8% oil content and 91.4% with 9% oil content. These porosities
are considered relative and two-dimensional because only a region
of interest on the surface of the particles is analyzed; the porosity
measurement does not take into account its three-dimensional properties throughout the particle. The porosity measurements are meant
to compare the particles with each other and not meant as the exact
porosity of the supraparticles.
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While silk fibroin can be fabricated in many formats for porous
structures, the methods to do so are often time consuming and
expensive. Fabricating three-dimensional porous particles using the
Ouzo effect not only is cost-effective and requires minimal procedural time but is also a reliable method that can produce a multitude of particles in a short time frame. The created supraparticles have a large surface area, tunable pore structure, and high
porosity, and they can be stored for long periods of time. Supraparticles are ideal for absorbance of solutions, adding to the effectiveness for drug loading and delivery. The created supraparticles
are easily removed/washed from the PDMS substrate without ruining their structure. With the advent of a simpler and more costeffective method to create three-dimensional porous particles—and,
in particular, from silk fibroin—more research should be on the
horizon.
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FIG. 5. Supraparticle with 9% oil content under SEM; underside view (top) of the
particle and cross-sectional view (bottom).
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